Background
Introduction
The greater Himalaya region, which includes the Hindu Kush, Karakoram, and Himalaya (HKH) regions, has the third most abundant solid water supply on Earth following the Antarctic and Arctic. The extensive snow and glacial coverage represents a vital water resource for more than 1 billion people living along and around large international rivers, such as the Indus, Ganges, and Brahmaputra [1] (Fig 1A) . The Himalaya and Karakoram regions may have lost mass due to snow and ice melt at the rate of 5 Gt yr -1 over the period 2003-2010 [2] .
However, another report has suggested that the Himalayan glaciers experienced a much higher mass-loss equivalent (MLE) rate of 13 Gt yr -1 during the period 2003-2009 [3] , which implies that there are disagreements regarding this topic in the literature. Nevertheless, the consensus is that the HKH region generally lost ice mass during the past decade [4] , although a slight mass gain (+0.11 m water equivalent) in the Karakoram glaciers was detected between 1999 and 2008 [5] . Absorbed solar radiation is a primary energy source for heating glaciers. The mass budget of a specific glacier is related to variations in surface albedo (i.e., the ratio of reflected solar radiation to incoming solar radiation) [6] . When the albedo of a glacier decreases substantially, surface melt most likely occurs. This phenomenon has been detected in the Alps, in Greenland, and in the Himalayas [6] [7] [8] . Therefore, a complete understanding of changes in the surface albedo is essential for estimating glacial melt. Unfortunately, such information is not available for the HKH region, which limits the comprehensiveness in our understanding of albedo-related snow and glacial cover variations in the region. This work expands the study on snow and glacial albedo from some individual glaciers to the whole HKH region, presenting a probably first complete comprehension of the albedo variations of the whole HKH glaciers during the past decade, and further estimates the surface melt caused by albedo variations.
Data and Methods
The HKH region contains vast areas of ice and snow that encompass more than 0.76 million km 2 [9] . Ideally, proper satellite datasets should be used for investigating surface snow albedo variations over such a wide-range area. The Moderate Resolution Imaging Spectroradiometer (MODIS), which is onboard the Terra satellite, snow product (MOD10A1) is used in this study. The product contains snow albedo data with a daily temporal resolution and a 500 m spatial resolution since February 2000. The MODIS biases compared with the actual geolocations are within 50 m at nadir [10] . Compared with other satellite data, the MOD10A1 dataset has a relatively longer data record and finer resolution; therefore, this dataset is conducive for studying snow and glacial albedo variations in the HKH region over the last decade. The MOD10A1 albedo data have been validated for the Turkish mountainous glacial region [11] . The temporal trends between ground measurements and MODIS data and their average absolute differences correspond to within 10% and are much better at higher elevations [11] . Investigations in the High Asian mountainous glaciers [12] and the French Alps [6] have suggested that it is reasonable to use the MOD10A1 dataset to study the surface albedo variations and trends in mountainous glaciers within regions of complex terrain. In this study, we also use this dataset to explore the possible relationship between albedo and mass variations within the snow-and ice-covered areas of the HKH region.
The MOD10A1 dataset used in this study is the level 3 MODIS snow data product. The dataset uses a sinusoidal map projection that divides the global surface into 36 (horizontal) × 18 (vertical) tiles. Each tile covers an area of 1200 × 1200 km2 and contains 2400 × 2400 grid points, and each grid point contains daily quality assessment (QA), fractional snow cover (FSC), snow cover, and albedo data [13] . Six tiles (h23v5, h24v5, h24v6, h25v6, and h26v6) cover the entire HKH region (i.e., Hindu Kush, Karakoram, and Himalaya) (S1 Fig). These tiles can be freely downloaded from the NASA-supported web server (ftp://n4ftl011u.ecs.nasa.gov/ SAN/MOST/MOD10A1.005). Approximately 1.5 × 10 11 (i.e., 2400 columns × 2400 rows × 6 tiles × 365 days × 12 years) data points exist before further processing. The data encompass the period from February 2000 to December 2011. The MOD10A1 daily snow cover product uses the best result from multiple daily observations that are mapped to each grid cell using a scoring algorithm; the observation nearest to nadir with the greatest coverage at the highest solar elevation angle is selected. Therefore, the possibility of mapping pixels with large off-nadir viewing angles onto the grid cell is minimized [14] . Because large amounts of data must be processed, a GIS software tool for visualizing and analyzing meteorological data is used (MeteoInfo) [15] . This tool provides technical skills. Moreover, the tool can "mine" the gridded data within a certain geographic boundary that contain non-snow grids (S1 Fig) and provide useful statistics. The required criteria for selecting the albedo data are as follows: 1) a specific grid point must contain snow cover (i.e., excluding pure bare land); 2) a grid point must be defined as "good quality" by passing the spatial QA (i.e., poor quality data are excluded, such as clouds); 3) the grid is 100% covered by snow, which excludes the grids with mixed land cover. The albedo (0-100%) for the grid points that meet these conditions is chosen from the dataset. If the grid does not match the criteria, it is set to "not valid".
Results and Discussions
Overall snow-cover albedo variations over the HKH region
The albedo map for the snow and glacial cover in the HKH for the period 2000-2011 is shown in Fig 1A; the overall average albedo is 0.541 (S2 Fig). The average snow and glacier albedos are 0.54, 0.49, and 0.55 in the Himalaya, Hindu Kush, and Karakoram regions, respectively. The northern areas of the HKH region generally have higher albedos (exceeding 0.50) than the southern regions (less than 0.50) (Fig 1A) . The annual mean albedo in the HKH region varies during the period 2000-2011 (S3 Fig). Lower snow-cover albedos are primarily located at the southern margin of the HKH region, which is near the low plain and populous areas; higher albedos dominate the northern region. The snow cover albedos in the eastern Karakoram and northwestern Himalaya regions are notably higher than those in other areas. Large differences in albedo occur between 2000 and 2011; moreover, 46% of the pixels exhibit increasing albedos, whereas 54% of the pixels have decreasing albedos (Fig 1B) . Nearly 60% of the pixels have an albedo variation from -0.05 to +0.05, whereas 40% of the pixels exhibit much larger variations (exceeding 0.10).
The decreasing albedo primarily occurs in the Hindu Kush, Karakoram, and the middle and eastern Himalaya regions; the increasing albedo is substantial in the northwestern Himalaya region and part of the Karakoram region. The seasonal variations suggest that the highest albedo (0.60) occurs in spring and winter and the lowest albedo occurs in summer (0.47) (S2 Fig). The albedo in the HKH region is substantially lower than that found for mountainous glaciers in Turkey (0.62) [11] and for the Greenland ice sheet (> 0.80) [16] . The total area of the snow-covered pixels (those 100% covered by snow) over the HKH region increases by~2900 km 2 yr -1 during the period 2000-2011, although the significance level is 0.74; moreover, the snow-covered areas in the three sub-regions all exhibited increasing albedo trends during this period ( Fig 1C) .
Glacial-area albedo variations over the HKH region related to topography
The glacial outlines in the HKH region based on the Randolph Glacier Inventory (Version 3.2) [17] are used to interpret the pure-glacier albedo data. First, three blocks (Nos. 13, 14, and 15) are selected from the nineteen first-order glacier regions. The HKH glacier outlines are subsequently recovered using the MeteoInfo tool associated with the boundary of the HKH region [18] . Topography data are obtained from the Shuttle Radar Topography Mission (SRTM) with a spatial resolution of 90 m [19] . The dataset has height and geo-location errors within 15 m and 5 m, respectively, which meet the required accuracy for this study. A total of~1.83×10 5 pixels exist within the perimeter of the glacial area in the HKH region, equal to~4.57×10 4 km 2 which is comparable with the glacial areas of the Himalaya and Karakoram regions as estimated by Bolch et al. [18] . The surface albedo distribution for the HKH glaciers exhibits a similar pattern to snow cover, i.e. the albedos in eastern Karakoram and northwestern Himalaya regions are notably higher than other areas (S4 Fig) . We calculate and map the linear albedo trend for each pixel in Fig 2A, which shows that the majority of pixels with negative trends are located across the entire HKH region, whereas the few with positive trends are primarily located in the northwestern Himalaya and Karakoram regions. A positive albedo trend means that more solar radiation is reflected back to space, which favors a mass gain. The trend map complies with previously reported mass losses primarily in Himalayan glaciers [4] and slight mass gains in the Karakoram glaciers [5] . The overall average albedo of the glacial area in the HKH region is approximately 0.55. The highest albedo (~0.63) occurs in March, whereas the lowest albedo (~0.49) occurs in July (Fig 2B) . The typical melting season of the HKH glaciers occurs from May to October [20] ; the albedo is typically below or approximately equivalent to the average albedo during this period. During the period 2000-2011, 35% of the pixels exhibit positive trends in albedo and 65% have negative trends in albedo; nearly 18% of the pixels decrease in albedo larger than 0.004 yr -1 (Fig 2C) .
The total decrease in the surface albedo over the HKH glacial area is -0.001 yr -1 (95% confidence level) during the period 2000-2011. The regional trends are -0.0004 yr -1 for Hindu Kush, -0.001 yr -1 for Karakoram, and -0.001 yr -1 for Himalaya (Fig 2D) . The trends in the HKH glacial coverage are nearly identical in spring, summer, and winter; however, the trend in autumn is slightly smaller (Fig 2E) , which is a possible consequence of more frequent monsoon precipitation [21] . The albedo over the HKH glacial area exhibits strong altitudinal dependence after interpolating the terrain data onto glacial grids. The average albedo during the period 2000-2011 increases from~0.47 below 3000 m to~0.58 for 5500-6000 m and then decreases to 0.56 above 7000 m; the temporal trend in albedo has an inverse variation that generally decreases to more negative values with altitude ( Fig 2F) . Above 5500 m, which corresponds to the crest of Himalaya, the average albedo reduction exceeds -0.0015 yr ). To investigate the albedo variations of individual glaciers, eleven glaciers ( Table 1 ) that are distributed across southern (CHSH and HAM) and northern slopes (the remaining nine glaciers) from the Karakoram region to the eastern Himalaya region are selected (Fig 2A) , based on the quality of the mass balance records since 2000 [22] . These glaciers have areas of approximately 5 to 360 km 2 , which is estimated according to the number of pixels in each area. Ten glaciers exhibit negative surface albedo trends (-0.0005 to -0.005 yr -1 ) during the period 2000-2011, whereas TLMKL has a positive trend (0.0006 yr -1 ) in the Karakoram area (Fig 3) . For all eleven glaciers, 64% and 36% of the corresponding pixels have negative and positive trends, respectively (Fig 3) , which indicates that expansive surface darkening has occurred in the sampled glaciers similar to the whole HKH glaciers. The geographic dependence of the albedo in the sampled glaciers is also similar to that of the overall HKH glacial area. The surface albedo of the eastern and high glaciers is decreasing faster than that of the western and low glaciers (Fig 4) .
Estimated surface melt detected by MODIS data and contribution to sea level rise
The energy balance for glacial melting involves longwave and shortwave radiations, sensible heat, and latent heat [23] . However, long-term observations of the mass and energy balance at three HKH glaciers, including CHSH, showed that the radiative flux is the primary driver of surface melting in summer; turbulent fluxes are only important in winter when melting is insignificant [24] [25] [26] . In this study, we presume that the radiative flux is the dominant factor that affects the surface melting of the HKH glaciers during the melt season, ignoring the influences from other energy fluxes. The timing and duration of the snowmelt over the sub-HKH regions (Table 2) were detected by the QuikSCAT satellite during the period 2000-2008 [17] . In general, the melting of the HKH snow begins in early May and ends in mid-October and exhibits little variation (Table 2 ).
Owing to the logistical difficulties, there are no meteorological networks in the HKH glacial areas. Only temporary monitoring of meteorological air temperature was discontinuously conducted at the ER glacier of Mt. Everest during the period 2005-2007 [27] . We use the mean temperature observed at the ER glacier during the melt season (May to October) (Table 3 ) and the lapse rate (6.5°C km -1 ) that is applicable at high-elevation HKH glaciers and previously proved by the meteorological station data in the western Himalaya region [28] , and create a map of surface air temperature over the HKH glacial area ( S5A Fig). Moreover, the relationship between the temperatures of the Himalayan snow cover and the surface air obtained from western Himalaya in-situ measurements [29] are used to estimate the surface snow temperature (T s ). T s is calculated as: T s = 0.48 × T a -3.3, if T a < 3.6°C, or T s = 0°C, if T a > 3.6°C, where T s is the snow surface temperature of the HKH glaciers and T a is the air temperature above the snow surface during melting seasons. The snow reaches its melting point (0°C) if the air temperature above the snow exceeds 3.6°C [29] , which indicates that the linear relationship is not applicable. Surface melting primarily occurs in the Hindu Kush, western Karakoram, and southern Himalaya regions (S5B Fig) .
The Clouds and Earth's Radiant Energy System (CERES) data [30] (downloadable from http://ceres.larc.nasa.gov/ with a monthly temporal resolution and a spatial resolution of 1°× 1°), are interpolated onto the finer MODIS-albedo grids for the HKH glacial area to determine the surface incoming shortwave radiation (SISR) over the HKH region and (S6 Fig). The surface radiative forcing due to the albedo effect is calculated using F = SISR × (1-α), where F (forcing) is the absorbed shortwave radiation and α is the albedo (Fig 5A) . The average forcing is 116 W m -2 over the HKH glaciers. The forcing in the western HKH region (> 100 W m -2
) is generally higher than that in the east (< 100 W m -2 ), which indicates greater surface energy absorption by the western glaciers. Therefore generally, the darkening trend of -0.001 yr -1 can result in an annual enhanced forcing of~0.12 W m -2 per year in the HKH glacial area.
We calculated the daily MLE of the grid points that reach the melting point (Fig 5B) following: M = F × t / f, where M is the melted snow mass equivalent in kg m -2 d -1
, F is the surface forcing in W m -2 , t is the daily solar irradiance duration in seconds (the daily average sunshine duration in the HKH region is~8 hours by Hua et al. [31] ), and f is the latent fusion heat of snow (334000 J kg -1 ). Strong surface melting primarily occurs in the Hindu Kush, western Karakoram, and southern Himalaya regions, i.e., in areas where the daily MLE exceeds 5 kg m -2 during the melt season (Fig 5B) . Overall, the MLE of the HKH glaciers is approximately 10. , and 4.6 Gt yr -1 in the Hindu Kush, Karakoram Himalaya regions, respectively (Fig 5B) . Particularly, the mass balances of the 
Conclusions and Perspectives
A few factors may be inducing the general darkening of the HKH glacial area, including global/ regional warming [33] [34] [35] and the deposition of light-absorbing impurities on the glacial surface [36] [37] [38] [39] [40] . A relatively rapid decrease in the surface albedo occurs in higher glaciers; the most significant decrease is observed in the glacial area at an elevation of 6000-6500 m. The albedo decrease is related to the snow melt in the HKH region because shortwave radiation absorption at the glacial surface provides a substantial energy source to melt snow and snow melt darkens the surface; thus, a positive feedback that accelerates the melting process occurs. Some Karakoram glaciers have shown abnormal surges or advances during the past decade [5] , whereas the strongest surface melting notably occurs in western Karakoram. The MLE of the glaciers in Himalaya and Karakoram are very similar. The general darkening trends do not have significant effects on the surface energy budget of the HKH glacial cover yet; a linear fit suggests that a total forcing increase of +1.2 W m -2 occurs from 2000 to 2011. However, the albedo decrease implies an irreversible melting scenario for the HKH glaciers in the near future.
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